We investigate in detail the ground state properties of the newly discovered doubly magic nucleus 48 Ni 1) in the framework of relativistic mean-field (RMF) theory with various parameter sets. Calculations show that this nucleus is a bound nucleus, because both of its proton separation energies are positive and its single particle levels are bound. This agrees with an experimental result.
For many years it had been believed that the proton-rich nucleus 48 Ni is unstable with respect to proton emissions. 1) However, a new experimental result from GANIL in France demonstrated that 48 Ni is a bound nucleus. 1) This is the first discovered proton-rich bound nucleus whose proton excess is as large as 8. The physicists in GANIL have pointed out that this nucleus is probably the last doubly-magic nucleus to be observed. 1) The existence of the bound nucleus 48 Ni provides a good opportunity to investigate the nuclear shell structure in proton-drip-line nuclei and to observe the variation of the spin-orbit splittings with the proton excess. In this paper we present a detailed relativistic mean-field (RMF) calculation for the newly found nuclide 48 Ni and its neighboring nuclei.
Although there are a few spherical RMF calculations for Ni isotopes, 2)−4) only the binding energy and the radii of 48 Ni were reported in these calculations. It is still not clear whether 48 Ni is stable with respect to proton emissions. This is because the boundedness of a nucleus depends on two main factors. One is the sign of its nucleon separation energy, and the other is the boundedness of its singleparticle levels. Therefore it is interesting to make a detailed RMF study of 48 Ni in order to determine whether or not 48 Ni is bounded. It is also interesting to determine if Z = 28 is a good magic number and to compute the variation of the spin-orbit splittings with the proton excess. Here we carry out both deformed and spherical RMF calculations with the currently accepted force parameters for 48 Ni. A comparison of the spin-orbit splittings with its mirror nuclei 48 Ca is also made.
In the RMF approach, we start from the Lagrangian density for interacting nucleons, σ, ω and ρ mesons, and photons: 5)-13)
with
Here the meson fields are denoted by σ, ω µ and ρ a µ , and their masses are denoted by m σ , m ω and m ρ . The nucleon field and its rest mass are denoted by Ψ and M . A µ is the photon field, which is responsible for the electromagnetic interaction, e 2 /4π = 1/137. The effective strengths of the couplings between the mesons and nucleons are, respectively, g σ , g ω and g ρ . The quantities g 2 and g 3 are the nonlinear coupling strengths of the σ meson, and c 3 is the self-coupling of the ω field. 12) The isospin Pauli matrices are written τ a , with τ 3 being the third component of τ a .
The equations of motion for the fields are easily obtained from the variational principle. 5)-8) In order to describe the ground state properties of nuclei we need a static solution of the above Lagrangian. For this case the meson field and photon fields are assumed to be classical fields and they are time independent (c-numbers). The nucleons move in classical fields as independent particles (mean-field approximation). The Dirac field operator can be expanded in terms of single-particle wave functions as Ψ = i φ i a + i , where a + i is the particle creation operator 5) and φ i is the single-particle wave function. For actual calculations, we omit the contribution of the Fermi sea under the no-sea approximation. The sum over single particle states runs over physical bound states, i.e. the occupied shell model states. Symmetries can be used to simplify the calculations considerably. First, time reversal symmetry can be applied and this implies that the spatial vector components for ω µ , ρ a µ and A µ are zero. Charge conservation guarantees that only the third component of the isovector field, ρ 0 0 , survives. 
where the effective mass M * (r) = M + g σ σ(r). The potential V (r) is a time-like component of a Lorentz vector:
(− +m
where ρ s , ρ v and ρ p are, respectively, the scalar, baryon and proton densities. The quantity ρ 3 is the difference between the neutron and proton densities. They are cnumbers obtained by taking the ground state expectation values. Their expressions are as follows,
Now we have a set of coupled equation for meson fields and Dirac fields. It is easy to solve these equations both for spherical nuclei and deformed nuclei with a standard code. 5)-13) First we apply the deformed RMF code with oscillator bases to 48 Ni in order to investigate its deformation. 7), 13) We find that 48 Ni is a spherical nucleus, as its deformation is found to be almost zero. Then we use the spherical RMF code in coordinate space to calculate its ground state properties in detail. 9) The standard force parameters NL-SH, NL3, NL-Z2 and TMA are used in our calculations. These forces are typical forces from the Munich group, 14),15) the Frankfurt group, 16) and the Osaka group. 17 ) Their values are given in Table I . The pairing correlations are included from the BCS theory in the code. Actually, the pairing energy is zero for 48 Ni due to its doubly magic properties. For this reason, we switch off the pairing force for 48 Ni in numerical calculations. This agrees with a recent spherical HartreeBogoliubov result that suggests that the pairing strength is zero for 48 Ni. 4) The correction of the center-of-mass motion to the binding energy is done in the same way as the force parameter set is defined. 14)-17)
The ground state properties of 48 Ni calculated with the deformed code are listed in Table II . Here β n and β p are the quadrupole deformation parameters for neutrons In Table II , B (MeV) is the total binding energy and R p , R n , R m , R c are, respectively, the root-mean-square radii of the proton distribution, neutron distribution, matter distribution, and charge density distribution.
In view of the above result that 48 Ni is a spherical nucleus, it is interesting to use the spherical RMF code to investigate its ground state properties in detail. The binding energy, radii and single-particle levels of 48 Ni are given in Table III . By comparing the binding energy and radii in Table III with those in Table II , we see that the deformed RMF code and the spherical RMF code lead to almost identical values for these quantities. This suggests that both numerical calculations are reliable here. For the RMF results with different force parameters, the maximum difference of the binding energy is approximately 2.3 MeV. This is very small as compared with the total binding energy, which is about 350 MeV. Therefore the relative difference of the total binding energy is less than 0.7% among the different force parameters. This implies that the RMF model is very stable in this mass range. Now let us consider the single-particle levels in 48 Ni. The nuclear shell gaps are evident for magic numbers 2, 8, 20 and 28. Therefore the RMF model strongly supports the experimental conclusion that 48 Ni is a doubly magic nucleus. 1) All the Fe. From the binding energy differences, we obtain the one-proton separation energy and two-proton separation energy of 48 Ni. These values are in the last two columns of Table III . Because the proton separation energy is greater than zero, it is concluded that 48 Ni is stable with respect to to proton emissions. Hence, we conclude that 48 Ni is a bound spherical nucleus in the RMF model. From an experimental result, Blank et al. 1) determined an upper limit of the two-proton separation energy for 48 Ni of Q 2p = 1.5 MeV. It is interesting to note that our theoretical values are within this upper limit. It is noted that we have omitted the effect of the breaking of time reversal symmetry for odd particles when we calculated the binding energy of 47 Co. In principle, an odd particle can induce polarization currents and time-odd components in the meson fields (the spatial vector currents). 24)-26) Warrier and Gambhir discussed this in detail and concluded that its influence on binding energies and single-particle levels can be neglected. 24)-26) Lalazissis et al. also concluded that its effect on deformations and binding energies is very small and can be neglected to a good approximation 25) for proton drip-line nuclei (proton emitters). Rutz et al. considered the possibility that symmetry breaking may have an effect on separation energy, 26) but they also concluded that energy differences within occupied or unoccupied states can be safely estimated from only the single-nucleon spectra of the even-even reference nucleus. 26) For the nuclei considered here, we can to good approximation omit this effect, because these are spherical nuclei near the doubly magic number nucleus 48 Ni. For 48 Ni, the proton separation energy is almost equal to the single-particle energy of protons in the 1f 7/2 level, and this fact supports this conclusion. The inclusion of the polarization of odd nucleon does not change the conclusion of this discussion. It is known from previous RMF calculations 18)−21) that the spin-orbit splittings of neutron-rich nuclei decrease with neutron excess. Because 48 Ni is a bound nucleus, it is interesting to consider the variation of the spin-orbit splitting with the proton excess for proton-rich nuclei. We list the spin-orbit splittings of two doubly magic nuclei, 40 Ca and 48 Ni, in Table IV . From 40 Ca to 48 Ni, it is close to the protondrip-line by adding protons. It is seen from Table IV that the spin-orbit splittings decrease with the increase of the proton excess. This behavior is seen for all force parameters. In order to compare the variation of spin-orbit splittings, we list the spin-orbit splittings of 48 Ca in brackets. It is known from the experimental data for spin-orbit splittings of 40,48 Ca (the heading of Table IV) that the spin-orbit splittings of 1d levels decrease from 40 Ca to 48 Ca. The result of the RMF theory agrees qualitatively with this. We expect that the change of the spin-orbit splitting will be larger for proton-rich nuclei such as 48 Ni, than for neutron-rich nuclei such as 48 Ca. It would be interesting to check this prediction experimentally.
We note here that there are theoretical studies by several groups on the spinorbit splittings for various nuclei. 22), 23) In these studies, it has been found that the Fock terms with a pionic interaction greatly reduce the spin-orbit splitting. This allows for accurate reproduction of the d-state spin-orbit splitting in 48 Ca. However, for some heavier nuclei such as 208 Pb, Shi et al. 22) observed that for some neutronrich states, a flip of the spin-orbit splitting occurs in the Hartree-Fock calculations. We need to carefully investigate the Fock effect.
In conclusion, we have studied the ground state properties of the recently discovered doubly magic nucleus 48 Ni in the context of the RMF theory with various parameter sets. We have found that it is a spherical, bound nucleus. This result agrees with an experimental result. 1) The spin-orbit splitting of 48 Ni decreases due to its proton excess in comparison with that of 40 Ca. This is true for all values of the force parameters in the RMF model.
